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In earlier commlnications from this laboratory Miller, 1945, 1947) methods have been described for the preparation of highly potent tetanus toxin, methods which have come into rather general use in large-scale toxoid production for human immunization. The procedure involves the use of a variant and somewhat unstable strain of Clostridium tetani and a culture medium containing a pancreatic digest of casein with additional cystine and tyrosine, beef heart infusion, glucose, and inorganic salts. A high concentration of iron must be provided. While the use of this method in several laboratories seems to have been reasonably successful, sufficient difficulty has been encountered both by ourselves and by others to warant careful study of the nutritional factors involved, in the hope that by the recognition and control of the various substances influencing growth and toxin formation a greater degree of uniformity in product may result. Moreover, since the nature of the medium suggests, and since preliminary investigations on the pancreatic digest confirm the belief that hitherto unrecognized nutritional factors are concerned, it is probable that some knowledge of basic and theoretical interest may emerge from such a study.
Since an infusion of beef heart is an esential material may account for differences in toxin produced. Earlier work on the growth requirements of C. tetani (Feeney et al., 1943) MgSO4.7H20, 0.5 mg; reduced iron powder, 2.5 to 5.0 mg; H20 to 10 ml.
The various components of the media were added to 6 by % inch test tubes, volumes adjusted to 10 ml, and pH brought to 7.2. Following sterilization in flowing steam at 100 C for 25 minutes, the tubes were cooled quickly and inoculated with a loopfull of a 24 hour broth culture of the tetanus strain which was being used currently for toxin production. The seed tubes were prepared daily by inoculating a loopful of the preceding day's culture into 10 ml of ordinary 1 per cent glucose nutrient broth which had been freshly heated for 10 minutes in boiling water and quickly cooled. Incubation was in an anaerobic jar at 35 C for 18 to 24 hours. The experimental media were incubated anaerobically at 35 C in a constant temperature water bath for about two days (usually 41 hours).
The presence of a high concentration of iron and the formation of H,S during growth resulted in darkening of the cultures to the point that direct turbidimetric readings of growth were not possible. It was found that acidification of the cultures with 0.5 ml concentrated HC1 followed by immersion of the tubes in boiling water for exactly 5 minutes dissolved the iron sulfide, ' All ingredients except the reduced iron were added from the usual type of concentrated stock solutions so that a final volume of about 4 ml resulted. Any desired additional substances then were added, the volumes were brought to 10 ml, and the pH adjusted to 7.2. 4 A commercial product, "N-Z-Case," kindly provided by the Sheffield Farms Co., New York, has been used throughout these experiments. leaving degrees of turbidity which could be measured with reasonable accuracy by comparison with standard suspensions of barium sulfate. This procedure clearly is subject to criticism and represents merely a convenient and workable compromise.
The results obtained in an experiment planned to test the effect of each of the above ten growth accessories are shown in table 1.
It was to be expected that even disregarding possible alterations in actual growth requirements of the strain of C. tetani over a period of 7 years, the completely different basic medium would lead to findings differing from those of the earlier work. The pancreatic digest of casein surely contained a number of growth accessories or perhaps materials which rendered certain accessories unnecessary. Further, the high concentration of iron probably modified the metabolic proceses of the organism in a number of respects.
It appeared that thiamin, calcium pantothenate, nicotinic acid, and uracil were essential under these conditions. Riboflavin, pyridoxine, and adenine produced significant increases over the controls; biotin and folic acid were essentially without effect whereas oleic acid was inhibitory.
The addition of beef heart infusion provides factors which result in growth far above the range obtained from the ten accessory factors under examination. Attempts to obtain comparable growth by inclusion of other known growth accessories have been unsuccessful. These included trace metals, inositol, choline, p-aminobenzoic acid, vitamin B12, succinic, fumaric, pyruvic, a-ketobutyric, a-ketoglutaric and pimelic acids, guanine, xanthine, hypoxanthine, thymine, and cytidine. Significant increases, although still far short of the heart infusion controls, were obtained by glutamic acid and glutamine, serine, and histidine. Control: basal medium with 2.5 ml beef heart infusion ........
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Growth is recorded against an arbitrary series of tubes containing BaSO4 suspensions, i.e., the higher the reading the greater the turbidity. modify the composition of the original toxin medium by decreasing the quantity of beef heart infusion and substituting certain vitamins in pure form. As in the case of the experiments on growth, complete exclusion of the heart infusion has not yet permitted maximal toxin titers with any combination of accessories which has been tried. To summarize the results numerically, it may be stated that titers of 40 to 50 Lt per ml can be attained regularly without infusion in the presence of a few known accessory factors. Occasionally, but irregularly, titers as high as 90 to 100 Lf have occurred, whereas the addition of a small amount of infusion with the same vitamin enrichment leads to titers up to 150 to 160 Lf.
During the course of this work, considerable collateral information on variations in pancreatic digests of casein and on other factors influencing toxin yield has come to light. This has been described elsewhere (Mueller and Miller, 1954) , and three successive formulae for complete media have been presented, representing joint outgrowths of those studies and the experiments summarized in the present communication.
For the sake of clarity of discussion, these three formulae are reproduced in table 2.
Toxin response to beef heart infu8ion alone. In table 3 are presented the results obtained by the addition of increasing amounts of heart infusion to a medium having the composition of formula III without added growth accessories; i.e., the pancreatic digest was treated with calcium phosphate and alkali in order to remove certain inhibitory materials, and the glucose, cystine, tyrosine, and minerals given in table 1, column III, were used.
In this experiment toxin increases from "nil" to a maximum of 80 Lf per ml at a concentration of 3 ml of infusion in 20 ml of medium were obtained. With increased amounts of infusion the toxin level falls off. In many other experiments, particularly those carried out with a basic medium having the composition of formula II without added accessories, the decrease has been even more pronounced, and it has become obvious that inhibitory as well as essential factors are present in heart infusion and also in the casein digest. It will be noted that at a level of one ml of heart infusion, the inclusion of the pure accessories of formula III increases the toxin yield from 20 Li to 150.
There would be little point in presenting large numbers of protocols from which the composition of formula III was derived. In (1940) or a commercial product such as "N-Z-Case", Sheffield Fam Co., Norwich, New York. In formula I the digest was uied without preliminary treatment. In II, a 10 per cent solution of the digest was stirred for 20 minutes with 15 g norit charcoal per 1,000 ml solution and filtered. In III, a 20 per cent solution of the material was heated to boiling, 3.75 g anhydrous CaCl1 were added, followed by 7.5 g KEHPO4. The solution was adjusted to about pH 9.3 with strong NaOH and filtered. It was neutralized to pH 7.2 to 7.6 with concentrated HC1.
(Procedure of Hendry and Wheeler, 1954.) f Minced beef heart muscle (2 lb) suspended in 1,000 ml tap water, brought rapidly to active boiling, then strained through cheese-cloth and filtered through paper. S In the 1951 formula, two vitamin solutions were prepared in bulk and stored in the cold room for use as needed. These had the following composition: I. Thiamin, 5.0 mg; riboflavin, 5.0 mg; pyridoxine, I This should be added to the otherwise complete medium, allowing it to settle to the bottom, and not stirred or mixed urith the medium.
other purine is without effect under these conditions although clearly esential for growth under somewhat different ones.
If now, one reexamines the influence of the heart infusion in the complete formula III, results such as those shown in (1953) reports partial success in the adaptation of our strain of C. tetani to formula II without meat infusion. It is not clear, however, from his report exactly what has been accomplished since his adapted strain has yielded Lf values ranging from 10 to 40 in 27 lots in large-scale preparation while our own results, as stated above, range from 40 or 50 to as much as 90 Lf in test tube experiments. The writers confess, however, a certain predilection for taking the organism as it occurs in nature and attempting to untangle its nutritional complexities at the level of maximum toxigenicity in the hope that practical application will follow and that new facts in connection with bacterial nutrition may emerge.
SUMARY
The requirements of a highly toxigenic strain of Clostridium tetani have been investigated under the conditions necessary for good toxin production. A formula has been devised in which beef heart infusion is reduced to a fairly low level and replaced by a few known vitamins and accessories. It has not yet been possible to achieve maximal levels of toxin production in the complete absence of infusion.
